The purpose of this study is to investigate and evaluate the feasibility of using high-performance fiber-reinforced cement composites (HPFRCC) to satisfy the requirement of transverse reinforcement in beam-column joint under seismic loads. The basic mechanical properties of the HPFRCCs are determined by compression, uniaxial tension, and direct shear tests. Four half-scale exterior beam-column connections are cast and tested under cyclic loads. The cracking patterns, hysteresis behavior, ductility, energy dissipation with damping characteristics and joint shear capacity of the HPFRCC beam-column connections are analyzed, investigated, and compared to the cyclic responses of normal concrete connections designed with/without seismic criteria of ACI. The test results revealed that HPFRCC connections considerably enhances shear and flexural capacity and also improved the deformation and damage tolerance behavior in post-cracking stage comparing to normal concrete connections in ultimate stages. Also, the failure mode of HPFRCC specimens changed from shear mode to flexural mode comparing to the connections without seismic details. Severe damages are observed in normal concrete connection designed without considering seismic criteria. Wide diagonal cracking and damage are observed on the designed NC connections under large cyclic displacement at drift 6%. However, in HPFRCC connections, joint remained intact without any cracks and damage until the test end. This implies that the shear stress requirement can be satisfied without any need to the transverse reinforcement in the HPFRCC joint.
Introduction
Beam-column connections in reinforced concrete structures experience significant shear stresses under lateral displacement induced by earthquakes. This may cause severe connection damage and stiffness reduction in structure. Since 1960s till now, many researchers (Ehsani and Wight 1982; Megget and Park 1971; Durrani and Wight 1982; Craig et al. 1984) have conducted investigations to develop design criteria that assure the proper and adequate behavior of connections in frames under large inelastic deformations. A proper design of beam-column connection in structures needs to satisfy strength and ductility criteria to prevent sudden collapse (Bindhu and Jaya 2010) . ACI 318M-11 committee (2011) recommended adequate transverse reinforcement in the joint to prevent shear failure in beam-column joint. A large amount of transverse reinforcement results in steel concentration and make the concrete pouring and compaction difficult. Improper concrete compaction and its reduced quality, in turn, cause lower deformation capacity and connection vulnerability during earthquakes (Henager 1977) . Observations from the Page 2 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 previous earthquakes confirm that brittle failure mechanisms result in severe damage or even collapse of structures. Beam-column connection failure due to shear failure or reinforcement sliding is frequent in these mechanisms and have been observed in 2009 L' Aquila earthquake, Italy ( Fig. 1 ) (Metelli et al. 2015) . Over the past 25 years, numerous studies (Craig et al. 1984; Henager 1977; Gefken and Ramey 1989; Jiuru et al. 1992; Filiatrault et al. 1995; Bayasi and Gebman 2002) have been done for investigation and evaluation of the effects of fiber reinforced concrete (FRC) in order to reduce the reinforcement concentration and improve seismic performance in beam-column joints. Recently, FRC materials used in research studies on beam-column joints generally include normal concrete with steel fibers. In spite of achieving a highly desirable tensile response compared to conventional concrete, these fiber cement composites show a softening tensile response after the first cracking, while in the high-performance fiber reinforced cementitious composites (HPFRCCs), strain hardening behavior is observed by the formation of additional cracks (Fig. 2) . The results of previous studies indicate that FRC with 1.2% to 2% volumetric steel fibers can be used as an alternative to part of confining reinforcement in column-beam joints. Also, the conditions for anchorage in the longitudinal reinforcement of the beam and column in the joints have been improved with the use of steel fiber reinforced concrete (Jiuru et al. 1992) . Since these materials exhibit softening tensile response after the formation of the first cracks, despite the prevention of premature damage, this will limit the ability to withstand large tensile stresses, making the FRC improper choice to replace the transverse reinforcement in beam column joints with high stress. The higher strain capacity of HPFRCCs is idealized to be used in the plastic hinge of beam-column joints to eliminate the need for transverse reinforcement details (Parra-Montesinos et al. 2005 ; hossein Saghafi and Shariatmadar 2018) . Also, the necessity of special transverse reinforcement with high energy dissipation and lower stiffness properties has been resolved (Saghafi et al. 2016; Kim et al. 2008) . Parra-Montesinos et al. (2005) tested two full-scale beam-column connections where the HPFRCC was used in joint and in plastic hinges of the beam. In these specimens, shear reinforcement were eliminated in the joint area and distance of stirrups in plastic hinge area of the beam was increased. Test results showed that these connections were able to perform properly under large shear loads. Moreover, the observations showed that joint reinforcement can be omitted and still achieve the required shear strength (Parra-Montesinos et al. 2005) . Hemmati et al. (2013) investigated the effects of using HPFRCC material in concrete beams and frames. The results of the tests showed that load carrying capacity and deformation capacity of beams and frames were increased using HPFRCC. In addition, plastic hinge length as well as its rotation capacity were higher in HPFRCC compared to those in normal concrete specimens (Hemmati et al. 2013 (Hemmati et al. , 2016 . Yuan et al. (2013) investigated the behavior of exterior beam-column connections fabricated by engineered (Metelli et al. 2015) . Fig. 2 A comparison between the tensile behavior of normal concrete, FRC and HPFRCC: a comparison between the stress-strain response of HPFRCC and FRC in tension; b multiple cracks and localization (Naaman 1996) . Page 3 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 cementitious composites (ECC) under cyclic load. The results have shown that the use of ECC instead of normal concrete resulted in higher shear strength and damping property (Yuan et al. 2013) . Zhang et al. (2015) used PolyPropylene Engineered Cementitious Composites (PP-ECC) in exterior beamcolumn railway bridges with rigid frames to prevent reinforcement concentration and to reduce a large amount of transverse reinforcement. The results show that substitution of transverse reinforcement by PP-ECC in beam-column connections of railway bridges with rigid frames has a positive effect on its behavior (Zhang et al. 2015) . Chidambaram and Agarwal (2015) investigated the behavior of exterior beam-column connections fabricated by different cementitious composites using a combination of steel and polypropylene fibers under cyclic load. The results have shown that the use of HPFRCC material instead of normal concrete resulted in higher stiffness, higher load carrying capacity and energy dissipation (Chidambaram and Agarwal 2015) . Said and Razak (2016) investigated the effect of using ECC in exterior beam-column reinforced concrete connection under cyclic loading. ECC connection caused a significant increase in shear and bending capacity and improved the deformation behavior and failure toughness compared to the normal concrete specimen in ultimate states and failure (Said and Razak 2016) .
Especially, few experimental investigations has been carried out to study the effect of HPFRCC composites on the behavior of beam-column connections under cyclic load. Most of the available studies about HPFRCC have focused on interior beam-column connections. Moreover, HPFRCC used in the previous studies are fabricated using polypropylene, polyethylene and polyvinyl alcohol by 2-3% in volume ratio. Besides, scarce experimental studies are implemented to consider the shear behavior of HPFRCC connections. In the present study, the possibility to achieve high displacement and damage tolerance capacity in frames designed with/without seismic details for connections using HPFRCC materials has been evaluated. Reducing the required transverse reinforcement, as well as reducing the workforce, and more importantly, achieving highly damage tolerant structures reduces the need for post-earthquake structural repairs. Two types of cementitious composites including steel fiber alone and hybrid fibers (steel and macro-synthetic fibers) with strain hardening behavior are used. In the first part of the experimental tests, strain hardening properties of HPFRCC is determined using uniaxial tension test and direct shear test to provide a better understanding. In the second part of the tests, to show the benefit of (a) using the transverse reinforcement for concrete confinement (b) replacing the normal concrete with HPFRCC and comparison with the normal concrete with/without the transverse reinforcement to satisfy the need for confining reinforcement (transverse) and the related construction problems in beam-column joint, four exterior beamcolumn connections by the scale of 
Preparation of HPFRCC Mixtures
Different mixture ratios are considered to achieve acceptable strain hardening behavior for HPFRCC (Saghafi et al. 2017) , and according to Table 1 , the best mix design of mortar in specimen with weight mix ratio has been adopted. The sand in mix design include crushed particles with a grain size of 0.1 mm to 4.75 mm and 1 mm in average.
Firstly, water, cement, and sand are mixed for 5 min to prepare HPFRCC specimens. After hydration of cement, almost half of the superplasticizer is added to the mixture and mixed for another 5 min. At the next stage, silica fume and the remained superplasticizer is added to the mixture to achieve proper workability. Finally, the fibers are gradually added to the mortar. Since the mix design is constant, the only difference between HPFRCC specimens is the type of applied fibers. Two types of fibers are used: (1) hooked steel fiber and (2) macro synthetic fiber (Fig. 3) . It should be noted that the macro synthetic fiber are obtained by mixing polypropylene, polyethylene woven and modified copolymer individuals. These fibers are shown in Fig. 4 . Fiber properties are presented in Table 2 and two types of HPFRCC as described in Table 3 are used in this study.
The Experimental Program

Mechanical Properties
The cylinder specimens with 100 mm diameter and height of 200 mm have been tested under uniaxial compression test in accordance with ASTM C39/C39M-10 Page 4 of 20 Saghafi et al. Int J Concr Struct Mater (2019) (LVDT) has been installed at center of the tensile specimen and along the loading path to determine the length changes. The Z-shape compression specimens are preferred due to convenience in loading and data analysis to evaluate the mechanical properties of HPFRCCs under shear loads. Though, large tensile stresses are available at the end of crack propagation area which show increments of cracks in tests are not only under pure shear modes but in a hybrid mode which includes shear modes and crack widening. JSCE has proposed a method to define the shear strength of FRC using direct shear test. The initiated stresses in this test are only due to pure shear loads and no hybrid mode is observed. Mirsayah et al. found that sometimes based on JSCE proposed method, the cracks are often deviated. Therefore, a surface split is proposed to predict the failure plane (Mirsayah and Banthia 2002) . Shear test is conducted on 250 × 75 × 75 mm prismatic specimens (JSCE, G 553-1999 (JSCE, G 553- , 2005 . To assure that the fracture will occur in predefined locations, section reduction and gap creation around the specimens is done when the specimens are in the molds. Using electronic universal testing machine under displacement controlled condition having loading velocity of 0.1 mm/min and designed test setup (Fig. 6 ), the specimens positioned on the test system. Displacement of middle area in the HPFRCC-B 2% -Page 5 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 lower face of prism is measured using a LVDT. The mechanical test program is given in Table 4 .
Beam-Column Joints
Four half-scale exterior beam-column connections with the same sizes have been fabricated in structural lab of Ferdowsi Mashhad University and tested under quasi-static increasing cyclic load. The exterior beamcolumn connections are related to a 5-story existing structure with story height of 3.5 m and an effective span length of 5 m which is investigated after separation. In the design of beam-column connections, it is assumed that flexural inflection point is located at the mid-height of column and beam as shown in Fig. 7 . To design the specimen, the ratio between bending strengths of the column to the beam is calculated and the strong columnweak beam concept is considered. The sizes of longitudinal reinforcement in beams and columns are the same for all specimens. The affecting parameters in the test are: (a) stirrup details in joint, (b) type of concrete. Two different details of transverse reinforcement are included with seismic reinforcement detailing and without seismic reinforcement detailing (named as J 1 and J 2 respectively). J 1 stirrup details for beam-column connection is designed according to the requirements of ACI Committee 318M-11 code (2011) in a way that the longitudinal and transverse reinforcement for beam and column and connection satisfy the seismic requirements of the code and provide adequate shear strength in joint according to code criteria. Specimen J 2 for non-seismic beam-column connection with inadequate shear strength at the joint due to non-stirrup inclusion in the joint zone. Except for the transverse reinforcement in joint, longitudinal and transverse reinforcement in beams and columns satisfy the seismic requirements of ACI 318M-11 code (2011). The two reinforcement details are shown in Figs. 8 and 9. To investigate the effect of using HPFRCC material instead of transverse reinforcement in joint, two different concrete pouring patterns using normal concrete and HPFRCC are considered as it is shown in Figs. 10 and 11. In the first pattern (called NC) all beamcolumn connection is fabricated using normal concrete. In the second pattern (HPFRCC), HPFRCC material is used in the joint as well as for a length equal to two times as beam depth in beam and two times as column depth in the column (Said and Razak 2016; Qudah and Maalej 2014) . Normal concrete is used in the other regions. Full details of beam-column connections with the mentioned concrete pouring patterns are presented in Table 5 . The properties of applied reinforcement are tabulated in Table 6 . Saghafi et al. Int J Concr Struct Mater (2019) 13:14 A schematic view of test arrangement, support condition and loading is shown in Fig. 12 . Support points are in fact the moment curve turning points under a lateral load of the real frame. It should be noted that beam and column in the test are rotated 90 degrees and the load is applied to beam, as it can be seen in Fig. 12 , along the direction perpendicular to the ground surface. The column ends are pinned and only the rotation is permitted. For all specimens, constant axial load of 200 kN equal to 0.15 f ′ c . A g is applied to a column by hydraulic jack of 300 kN capacity using load control method. When 200 kN constant axial load is applied, a hydraulic jack of 600 kN capacity is used to induce lateral cyclic displacement on beam end. The applied load on the specimen is measured by an S-shape load cell (Fig. 13) which is capable of recording in dual direction and data are transferred to a computer system. The distance between load point and column face is 1250 mm. Lateral displacement of Page 7 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 beam end is measured and recorded by an LVDT, with a displacement capacity of 150 mm. Drift parameter is calculated by dividing lateral displacement at load application point to the distance of the point from column face. Lateral load applied on the beam using displacement control with three cycles in each drift angle. This cyclic loading history is continued by drifts (0.5% to 6% by increasing step of 0.5%). The cyclic load protocol is shown in Fig. 14 . To measure the strain of reinforcement bar in different loading stages, five strain gauges are installed on longitudinal and transverse reinforcement for each connection specimen. According to Fig. 15 , five LVDTs are used to measure the rotation of the beam and distortion of the joint.
Results and Discussion
Mechanical Properties of HPFRCC
Uniaxial compressive and tensile stress-strain relationship for normal concrete and HPFRCC specimens are shown in (Fig. 16a, b ) and specimen results obtained by direct shear test is shown in Fig. 16c as sliding Page 8 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 (displacement)-shear stress curve. The results are summarized in Table 7 .
The test results indicate that the compressive strength and corresponding strain in HPFRCC specimens are clearly higher than those of the normal concrete specimens. The strength of cylindrical HPFRCC-A and HPFRCC-B specimens are about 1.29 and 1.58 times, greater than those of normal concrete, respectively. The tension tests revealed that HPFRCC specimens show strain hardening behavior accompanied with multiple cracks. The average tensile strength for each of HPFRCC-A and HPFRCC-B specimens is about 2.15 and 2.31 times greater than that of the normal concrete specimens, respectively. Moreover, the average ultimate strain at ultimate tensile strength in each of HPFRCC-A and HPFRCC-B specimens is about 40.72 and 42.22 times greater than that of the normal concrete specimens, respectively. The average shear strength of HPFRCC-A and HPFRCC-B specimens are about 4.2 and 4.82 times greater than that of the normal concrete specimens, respectively.
Beam Column Joints
To investigate the effect of using high strain material on seismic behavior of specimens and the feasibility of reducing transverse reinforcement in joint, behavior under cyclic loads of the tested beam-column connections is evaluated based on hysteresis behavior, envelope load-deformation curve, energy dissipation, stiffness and strength reduction and damage characteristics. Details of the parameters used for evaluation and interpretation of test results are as follows.
Failure Mode and Crack Propagation
Damage pattern on C1 specimen is shown in Fig. 17a . The first bending cracks are observed at the bottom of the beam at a distance of d/2 from the column face at a drift of 0.5%. Longitudinal reinforcement yield at the drift of 1%. Concrete cover spalling over the reinforcement in joint and diagonal cracks in joint area are initiated in drift of 2%. Most of the flexural micro cracks in beam concentrate near column face result in formation of the plastic hinge in the beam. By increasing the applied load, crack extension and opening is observed in the joint and for the cycles with drift larger than 3.5%, the opening of shear cracks in the joint is measured to be up to 10 mm. Page 9 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 Furthermore, damage is mainly concentrated in the beam end and cracks can be easily observed due to their opening and closing under increasing cyclic load. The width of the formed cracks in beam after the distance of d/2 from column face are very small and their participation in energy dissipation at the next load steps is not considered. Since it seems that most of the energy dissipation is done in damaged area at beam end and near the column face, many of the cracks are formed before achieving the ultimate load, while few cracks are formed after the application of the peak load. In C2 specimen, the first cracks are formed similarly to those in C1 specimen. However, diagonal cracks in joint are initiated in the drift of 1% which show the connection failure is imminent. The number and size of flexural and diagonal cracks go up by load drift increase. Longitudinal reinforcement yield in the drift of 1%. From the drift of 1.5%, no new crack is formed in beam and only the opening of beam end cracks near column face is observable. In drift of 2%, an increase in crack width is observed at beam end region and crack propagation in the joint is seen in the form of concentrated diagonal cracks. From drift of 3%, loading capacity is deteriorated and cracks in Page 10 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 joint are widening. In drift of 4.5%, concrete in the joint is laminating and failed and the longitudinal reinforcement appeared. Although joint is severely damaged, lateral cycles are continued until drift of 6%. The absence of column stirrups in connection area resulted in the shear failure of the connection. This phenomenon is clearly shown in failure pattern of C2 specimen in Fig. 17b . Moreover, due to the incomplete opening of flexural micro cracks of beam outside of joint at loading initiation and the next loading steps, and also due to the concentration of damage in the joint area, energy dissipation of flexural cracks is not considered. As it can be seen from Fig. 17c, d , regular propagation of cracking has been observed in specimens with HPFRCC material. The first cracking in beam end at a distance of d/4 from column face occurred in the drift of 0.5%.
All the cracks observed in the beam are formed within a distance, about 800 mm from the face of the column. The distance between the cracks varies between 43 and 180 mm and the crack lengths are between 55 and 190 mm. The width of formed micro cracks in the beam is not noticeable. In drift of 2%, minor damages in the form of many flexural micro cracks and yield of some beam longitudinal reinforcement in connection area and beam end region are observed. The initiation of micro diagonal cracks in HPFRCC specimens is observed in the drift of 2%. Averagely from the drift of 3%, opening of cracks, load carrying capacity deterioration and local damages in HPFRCC material in beam plastic hinge area and formation of no new crack in joint resulted in the formation of the flexural plastic hinge in the beam. Due to opening and closing of the localization of cracks in beam end under increasing cyclic load, crack width reaches to 12 mm at the drift of 6%. By increase of the applied drift, opening and closing of shear cracks without a crack propagation in the joint area was observed accompanied by the formation of small micro cracks. The maximum opening of shear cracks in joint in these specimens is measured as 0.5 mm at the drift of 6%. Moreover, adequate shear strength in connections without the occurrence of local shear cracks is provided and this allows for the formation of plastic hinges in beam and local damages of HPFRCC material in the plastic hinge area. Yielding of longitudinal reinforcement of the beam in these specimens begins in higher load and drifts compared to that in normal concrete specimens. This can be attributed to higher adhesion strength, higher conjunction, better consistency between steel reinforcement and HPFRCC and higher displacement capacity before failure in HPRFCC.
Cyclic Load-Drift Response
Load-drift hysteresis response during loading cycles is the most important factor for evaluation of seismic behavior of structure components. The hysteretic Page 11 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 behavior and the envelope curves for peak displacement points at first reversal of cycles (Elwood et al. 2007) in the specimens are shown in Fig. 18 and the results are presented in Table 8 . Normal concrete specimen with seismic details (C1) shows ductile response without pinching or significant strength loss until the test end. This desirable behavior confirms the adequacy of Saghafi et al. Int J Concr Struct Mater (2019) 13:14 and continuous stiffness and strength deterioration by displacement increasing compared to that of C1 specimen. Formation of shear cracks in initial loading steps in C2 specimen results in premature sliding of beam longitudinal reinforcement and concrete crushing in connection area. This in turn results in shear failure.
Details of transverse reinforcement and confinement condition in joint of C1 specimen prevents the premature beam longitudinal reinforcement sliding and shear failure, compared to C2 specimen. Furthermore, load carrying capacity deterioration rate after the peak load application is decreased. Page 13 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 The response of beam-column connection confirms that the use of HPFRCC results in improvement of load carrying capacity and increase the area under the hysteresis loops, compared to those of normal concrete specimens C1 and C2. Consequently, the proposed method is proper to be used in high seismic area. Stable behavior continues in HPFRCC specimens respectively until drift of 5.5% and 6%. In HPFRCC specimens, for lateral drift higher than 2%, inelastic rotations in beam area near column face is mainly governing and the behavior of the other connection parts are in cracked elastic range. After the application of peak load, and due to the opening of cracks at beam end and damage of HPFRCC material in beam, inelastic behavior of plastic hinge results in slight strength reduction of connection. In SC2-B specimens at drift angle of 6%, load carrying capacity is dramatically reduced due to the failure of top longitudinal reinforcement in beam, which shows better behavior of HPFRCC-A specimen in large drifts. When the load direction is reversed, Page 14 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 only the bottom longitudinal reinforcement in beam participate in load carrying.
Envelope Displacement Curves
The envelope of load-displacement curves of the specimens are shown in Fig. 19 . Using this envelope curves, the peak load, ultimate displacement and ductility are calculated for normal concrete as well as for HPFRCC specimens in negative and positive directions and presented in Table 8 . To determine the yield displacement and to calculate the ductility, the method proposed by Paulay and Priestly (Paulay and Priestley 1992 ) is used and as it is shown in Fig. 20 , idealized bilinear load-displacement response is obtained. To determine ultimate displacement (δ u ), the displacement corresponding to 20% reduction of peak load is considered (Paulay and Priestley 1992) . In contrast to the C2 specimen, the decreasing branch of the envelope curves for the other specimens are gradually reduced. As it is shown in Fig. 21 , a comparison is made between the ratio of average peak load as well as the lower ductility factor of each specimen to those of C1 and C2 specimens. The average peak load of HPFRCC specimens is increased by 3.12% and 21% compared to C1 and C2 specimen, respectively. Moreover, minimum ductility factor of SC2-A specimen increased by 6.8% and 24% compared to C1 and C2 specimens, respectively. Besides, the lower ductility factor of the SC2-B specimen reduced by 1.5% compared to that in C1 specimen and increased by 15% compared to that of C2 specimen.
Energy Dissipation Capacity and Equivalent Hysteresis Damping Ratio
Energy dissipation capacity is the maximum dissipated energy by a structure that results in the slight or sudden collapse of the structure. According to Fig. 22 , the area under a complete hysteretic loop at each cycle represents the energy dissipated by the specimen during that cycle (Ei) and the cumulative hysteresis energy dissipation capacity is calculated through summation of areas under the load-displacement hysteretic curve reversals ( E i ) (Priestley and Macrase 1996; Shafaei et al. 2014 ).
The most frequent and most obvious form of damping in structures is in the form of hysteresis of load-displacement response (Priestley and Macrase 1996; Shafaei et al. 2014 ). The equivalent damping ratio based on the parameters obtained from hysteresis behavior of beamcolumn connection specimens are calculated using Eq. 1. Hysteresis equivalent damping ratio (ξ eq ) is the value of hysteresis energy dissipation of each cycle divided by energy dissipation of an equivalent normalized elastic cycle and is a good comparison criterion for quantifying the pinching effect (Priestley and Macrase 1996) . According to Fig. 22 , E i is the energy dissipation in each cycle and is equal to the full area enclosed by load-displacement loop. A e is representative of the stored elastic strain energy in an equivalent linear elastic system under static condition.
P mi and D mi in Eq. 2 represent the average peak load and displacement for the cycle i.
The cumulative energy dissipation and hysteresis equivalent damping ratio versus different drifts for each specimen are shown in Fig. 23 .
As it can be seen in Fig. 23 , in initial stages and before the drift of 2%, accumulative dissipated energy for normal concrete and HPFRCC connection specimens is the same, since the elastic modulus of normal concrete and (1)
area of loop area of triang (Seifi et al. 2017) .
Page 15 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 HPFRCC are close. After the drift of 2%, since the fibers cause bridging between cracks and prevent the propagation or opening of the cracks, the tensile strength, shear strength, ductility and energy dissipation capacity are improved and pinching effect in hysteresis loops is minimized in HPFRCC beam-column connection. HPFRCC specimens have more energy dissipation capacity than normal concrete specimens do. The energy dissipated from the test beginning until the specimen drift of 6% for C1, C2, SC2-A and SC2-B specimens are 50.75, 19.74, 62.61 and 59 .38 kN m respectively. As it can be seen, the average accumulative energy dissipation of HPFRCC specimens at drift of 6% is respectively 1.2 and 3.1 compared to that of C1 and C2 specimens. By increasing the drift after the yielding, SC2-A connection specimen has higher energy dissipation capacity compared to the other specimens, since HPFRCC-A material is more ductile (obtained by tension, compression and shear tests) compared to HPFRCC-B. For the drifts lower than 1.5%, equivalent hysteresis damping ratio of all specimens are approximately the same and is equal to 0.05, since the cracks are similar and damage is limited. By increasing the displacements, crack grow and concentration as well as yield of reinforcement cause the damping ratio to go up. But in C2 specimen after the drift of 3.5%, due to pinching and strength loss induced by shear fracture of joint, equivalent hysteresis damping ratio do not increase. In normal concrete specimen with seismic detailing and HPFRCC hysteresis loop area and damping ratio are increased due to the plastic hinge formation mechanism and absence of pinching. Equivalent damping factor ratio in normal concrete with seismic detailing reaches to 0.18 at drift level of 6%. This value for HPFRCC connection specimens is increased by 22% to 25% compared to that in C1 specimen.
Damage Index
As it can be seen in Fig. 24 , Park et al. (1987) 
Specimens
Ratio of lower ductility factor of specimens to C2 specimen Ratio of average peak load of specimens to C2 specimen Ratio of lower ductility factor of specimens to C1 specimen Ratio of average peak load of specimens to C1 specimen Fig. 21 Comparison of average maximum load and minimum ductility factor of the specimens with those in C1 and C2 specimens. Page 16 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 beam-column connections with/without HPFRCC. Damage index is defined equation by 3. where δ M is the maximum displacement demand under cyclic loading, δ u is the maximum displacement capacity under monotonic load, integral term is energy dissipation under cyclic load and F y is structure yield strength and β is strength reduction factor that for a desirable concrete structure it is equal to 0.1 (Villemure 1995) . Values of δ M , F Y and dE are obtained from the experimental results of the joint specimens, whereas the value of δ u that comprises contributions from deformations of beams, columns and joint, was estimated based on the empirical formula for the calculation of ultimate drift ratio according to CEN Eurocode 8 [43] .
Damage index values [DI] vary from zero to 1, so that zero indicates no damage and 1 indicates a complete damage. In this study, it is assumed that in the case of DI in the range of 0 < DI < 0.2 represents elastic behavior or non-damage, 0.2 < DI < 0.4 represents a minor damage, 0.4 < DI < 0.6 represents moderate damage and 0.6 < DI < 0.8 represents serious damage and also in the case of DI > 0.8 complete damage is occurred (Chidambaram and Agarwal 2015; Villemure 1995) . HPFRCC specimens always show lower damage at every drift than normal concrete specimens with/without seismic details during loading. C2 specimen suffers moderate damage, severe damage and complete collapse respectively at drift of 1.75, 2.5 and above 3.25%. C1 specimen suffers moderate damage, severe damage and complete collapse respectively at drift of 2.5, 3.5 and above 4.25%. Specimens SC2-A and SC2-B suffered moderate damage at drift between 2.75 and 3.75%, severe damage at drifts between 3.75 and 4.6%, and collapsed completely at drifts
higher than 4.6%. The measured drift at collapse stage in HPFRCC specimens increases about 1.08 and 1.41 times as that of the normal concrete specimens with and without details. It is concluded that HPFRCC specimens had a nearly 15% and 40% reduction in damage compared with normal concrete specimens with and without seismic details. This means that using HPFRCC to improve the performance of the column-to-column connections is quite effective.
Stress-Shear Deformation Response
As it can be seen in Fig. 25 , the shear stresses (v j ) and average shear deformation (γ ave ) of connection are calculated using Eqs. (4, 7). It is assumed that HPFRCC material has no participation in final bending strength of the beam. This assumption is correct for beams with reinforcement ratio greater than 1% under large rotations in the plastic hinge (≥ 0.03 rad) because of significant fiber pull out. This situation is obviously observed in HPFRCC connections. Moreover, the moment arm is assumed as jd = 0.9d for simplification since the internal tension load in beams is the result of tensile stresses in reinforcement and HPFRCC material. The diagonal elongations 1 and 2 in the joint zone is measured by LVDT to calculate the shear deformation. D is the diameter of joint prior to deformation; φ is the angle of the diagonal gauge with the horizonline, where tan φ = h/b, h and b are respectively the vertical and horizontal distances between the end points of the diagonal gauge (see Fig. 25a ) (Bedirhanoglu et al. 2013 ).
(4) Page 17 of 20 Saghafi et al. Int J Concr Struct Mater (2019) 13:14 where T s is tension load of beam longitudinal reinforcement, V C is column shear, M ub is ultimate bending strength of beams connected to column along the loading direction, JD is the distance between the resultant compression and tension internal loads in beams, bj is the effective connection width and h c is column width. Diagonal crack occurs when principle tension stress reaches the concrete tensile strength. Consequently, shear failure is a function of concrete tensile strength. It should be noted that principle stresses are calculated using Eq. 8 according to Mohr theory (Mohr 1900) using normal and shear stresses. When shear stress in a joint without confining reinforcement (transverse) induce tension stress higher than joint material tensile strength, cracking occurs in joint. The beam shear load ( V b ), column axial load (N), and the induced shear and axial stresses and the related principle stresses in the joint core are shown in Fig. 26a -c. Mohr circle for these stresses is shown in Fig. 26d .
Connection specimens are designed in a way that the maximum shear in joint is close to the values recommended by ACI code (2011). This value is f ′ c MPa for exterior connections. In this shear stress level, it is possible to better evaluate the HPFRCC material as a (7) v j = Saghafi et al. Int J Concr Struct Mater (2019) 13:14 transverse reinforcing bars, cracking, high shear deformations and severe damages are observed in the joint in this level of stress that causes shear failure. In previous researches (Parra-Montesinos et al. 2005 ) the maximum shear stress in the internal beam-column connection without transverse reinforcement using HPFRCC is 9.3 MPa corresponding to 1.4 √ f ′ c MPa and in reference research (Zhang et al. 2015) , the maximum shear stress in the external beam-column connection without transverse reinforcement using ECC is obtained 2.2 MPa corresponding to 0.35 √ f ′ c MPa.
The resulting shear and the related principle stresses in the joint core are compared with the shear and tensile strength of material, obtained by direct shear and uniaxial tension tests (see Fig. 28 ).
Conclusion
The results of this study are presented with the aim of providing a better understanding about the strain hardening behavior in high-performance fiber reinforced cement composites using uniaxial compression test, uniaxial tension test, and direct shear test. This material is used to fabricate beam-column connections with high strength against damage and to avoid the need for confining reinforcement (transverse) in joint. Two types of fiber cementitious materials are investigated in this paper including hooked steel and hybrid fibers (hooked steel fibers and macro synthetic fibers with 2% volume ratio). The four half scale specimens of exterior beam-column connections with seismic and without seismic reinforcement detail and identical dimensions are tested by applying lateral cyclic loading with increasing amplitudes. For the specimens without stirrups in the joint zone 
